mRNA decapping proteins (DCPs) are components of the P-bodies in the cell which are hubs of mRNAs 23 targeted for decay and they provide the cell with a reversible pool of mRNAs in response to cellular 24 demands. The Drosophila genome codes for two decapping proteins, DCP1 and DCP2 out of which 25 DCP2 is the cognate decapping enzyme. The present endeavour explores the endogenous promoter firing, 26 transcript and protein expression of DCP2 in Drosophila wherein, besides a ubiquitous expression across 27 development, we identify active expression paradigm during dorsal closure and a plausible moonlighting 28 expression in the Corazonin neurons of the larval brain. We also demonstrate that the ablation of DCP2 29 leads to embryonic lethality and defects in vital morphogenetic processes whereas a knockdown of DCP2 30 in the Corazonin neurons reduces the sensitivity to ethanol in adults, thereby ascribing novel regulatory 31 roles to DCP2. Our findings unravel novel putative roles for DCP2 and identify it as a candidate for 32 studies on the regulated interplay of essential molecules during early development in Drosophila, nay the 33 living world. 34
Introduction 36
Organismal development mimics an orchestra with precisely timed and fine-tuned role(s) for each of the 37 players. Balanced expression of genes requires timed activity of gene promoters at the proper site along 38 with orderly degradation of transcripts and/or proteins (Yao and Ndoja, 2012; Ding, 2015) . Decay of 39 transcripts is one of the strategies to regulate gene expression (Ghosh and Jacobson, 2010) and the mRNA 40 decapping proteins (DCPs) assume prime importance therein. These proteins initiate degradation of the 41 mRNAs in cytoplasmic foci known as P-bodies, by removal of the 7-methylguanosine cap at the 5' end of 42 the mRNAs (Coller and Parker, 2004) . The Drosophila genome codes for two mRNA decapping proteins, 43 viz., DCP1 and DCP2, out of which DCP2 is the cognate decapping protein. While DCP1 functions to 44 activate DCP2 (Ren et al, 2012) and P-bodies/DCP1 have been implicated in miRNA mediated gene 45 silencing (Rehwinkel et al, 2005) , localization of the oskar mRNA in the Drosophila oocyte (Lin et al, 46 2006 ) and in oogenesis (Lin et al, 2008) , DCP2 has been implicated in chronic nicotine induced locomotor hyperactivity in Drosophila (Ren et al, 2012) . However, characterization of the role of 48 decapping proteins in development has been limited to Arabidopsis (Xu et al, 2006) and Caenorhabditis 49 elegans (Lall et al, 2005) only. Despite being the cognate decapping protein in Drosophila, the spatio-50 temporal dynamics of DCP2 activity remains unexplored. The gene in Drosophila is ~8kb in length, has 51 two curated promoters, viz., a proximal promoter, DCP2_1 and a second, downstream promoter, DCP2_2 52 (Eukaryotic Promoter Database, EPD; Dreos et al, 2014) and codes for four transcripts (FlyBase; 53 Drysdale, 2008) . Herein, we have tried to explore the temporal activity of the DCP2 promoter using the 54 conventional UAS-GAL4 system (Brand and Perrimon, 1993) wherein, we used a GAL4 driven by the 55 
Materials and Methods 68

Fly strains, genetics and lethality assay 69
All flies were raised on standard agar-cornmeal medium at 24±1ºC. Oregon R + was used as the wild type 70 control. For targeted gene expression (Brand and Perrimon, 1993) Embryonic lethality was calculated as described in Bhuin and Roy, 2009 . 100 embryos were transferred 86 to agar plates and incubated for 24 to 48 h at 23 O C and the total number of dead embryos was counted 87 against total number of fertilized eggs. These fertilized eggs include the dead as well as the hatched 88 embryos. The percentage of lethality was calculated as -89
The percentage (%) lethality for each cross was calculated in triplicates and the mean lethality so obtained 91 was tabulated and graphically represented using MS-Excel-2010. The final percentages have been 92 calculated by multiplying the lethality obtained in every cross scheme with the inverse of the fraction of 93 the progeny determined by standard Mendelian ratios. 94
Detection of DCP2 transcript expression and analysis of splice variants 95
Detection of transcript expression from DCP2 was performed by reverse-transcriptase polymerase chain 96 reaction (RT-PCR) using a combination of primers designed such that the amplicon size would 97 discriminate between the individual isoforms which included a single reverse primer, DCP2_DBAE_R, 98
which could bind to all of the transcripts, and two forward primers, viz., DCP2_BAE_F which would bind 99 to isoforms DCP2-RA, RB and RE, and DCP2_D_F, which would bind to DCP2-RD. Being similar in 100 architecture, DCP2-RA and RE would yield similar sized amplicons with the above primer pair, but 101 DCP2-RD would yield a smaller amplicon. However, the 3'UTR is longer and unique for DCP2-RE and 102
we exploited the architectural bias to discriminate between the two isoforms by designing an additional 103 primer pair which would amplify the 3'UTR sequence of DCP2-RE uniquely. The table below (Table 1)  104 shows the primer sequences, the combinations and the calculated amplicon sizes for each of the isoform 105 with each of the primer pairs. The unique amplicons are italicized. RT-PCR was performed according to 106
Lakhotia et al, 2012 in the samples discussed in the results section. 
110
Embryo collection and fixation 111
All flies were made to lay eggs on standard agar plates supplemented with sugar and propanoic acid and 112 eggs were collected according to Narasimha and Brown, 2006 , with slight modifications. For whole 113 mount preparations and immunostaining of embryos, different alleles and transgenes were balanced with 114 GFP tagged balancers and only non-GFP or driven embryos were selected for experimental purpose. 
Behaviour Assays 146
Groups of 20 males and females (1-3 days old) of the desired genotypes, viz., Crz-Gal4/+ (Control) and 147
Crz-Gal4/+; UAS-DCP2 RNAi /+, maintained on food vials in a 12L: 12D conditions at 23ºC for 1 day were 148 used for the following behaviour assays. 149
Ethanol Sedation Assay 150
Ethanol sedation assays were performed as described previously (McClure et al, 2013) with minor 151 alterations. Briefly, flies were transferred to empty vials, sealed with cotton plugs and allowed to 152 acclimatize for 10-20 min. The cotton plugs were replaced with fresh plugs containing 1 ml of 100% 153 ethanol. They were maintained in such "booze chambers" for 15-20 mins. During the treatment, files were 154 mechanically stimulated by tapping and/or mechanically swirling the vials at intervals of 5 mins. Flies 155 able to climb the walls and/or move their appendages on the floor of the vial were considered "non-156 sedated" while those unable to execute such activity were considered "sedated". The number of sedated Recovery from ethanol induced sedation was assayed as described by Sha et al, 2014 . Following exposure 161 to ethanol (described above), the cotton plugs were replaced with fresh plugs and the vials were inverted 162 to place them upside down. The number of "non-sedated" flies (considered as "recovered") was counted 163 every 10 min. 
DCP2 expresses in cells of diverse developmental lineages in the Drosophila embryo and the DCP2 184 promoter vis-à-vis DCP2 is active since early development 185
Evolution has been parsimonious in designing genes and ascribing roles to them and hence, determination 186 of gene functions becomes incomplete without identification of the expression dynamics of the gene. In 187 order to determine the endogenous expression pattern of DCP2 in Drosophila melanogaster, we used the 188 DCP2 GAL4 (DCP2 BG01766 ) which has a P{GT1}construct (Lukacsovich et al, 2001 ) bearing a GAL4, 189 immediately downstream to the DCP2 promoter. Using GFP as a reporter, we detected extremely robust 190 signal in the late embryonic stages, wherein it expresses strongly in the embryonic epithelia (ectoderm) 191 ( Fig. 2A) , the central nervous system (neuro-ectoderm) ( Fig. 2B ) and the dorsal muscles (mesoderm) ( Fig. 2C) and is uniformly ubiquitous in all the segments in the embryo. With such a robust expression 193 (of GFP), which is actually driven by the DCP2 promoter, it is evident that DCP2 is expressed and is 194 active in embryonic cells derived from differing developmental lineages. (Figure 3) , we observed that DCP2 expresses in a more or less ubiquitous pattern very 202 early in development, even prior to Stage 10 ( Figure 3A) . However, real-time expression was not 203 detected in Stage 10, in which the germband is fully extended (Figure 3B and 3D) , and the Stage 12, 204
wherein the germband is fully retracted (Figure 3J and 3L) . In the intervening stage, wherein the 205 germband starts retracting, i.e., Stage 11, we detect strong expression of DCP2 (Figure 3F and 3H) . 206
Again, when the epithelial sweeping initiates following germband retraction (Stage13), we see a surge in 207 the RFP expression ( Figure 3N and 3P Since DCP2 shows active expression paradigms during embryonic dorsal closure (Figure 9) , we 221 cells. DCP2 was found to be expressed in the amnioserosa and throughout the lateral epithelium as well as 225 in the cells at the LE (Figure 4) . During the later stages of dorsal closure, parallel to the contra-lateral 226 movement of the epithelia towards the dorsal side, the axon pathways are pioneered in the CNS across the 227 ventral nerve cord, which form the complete nervous system by the end of Stage 16 (Bhuin and Roy, 228 2009 ). Examination of the ventral nerve cord also showed strong cytoplasmic expression of DCP2 229 (Figure 5) . 230
We found that embryos homozygous for loss-of-function alleles of DCP2 (viz., DCP2 BG01766 and 231 DCP2 e00034 ) show embryonic lethality. DCP2 BG01766 homozygotes are 100% embryonic lethal (N=500) 232
whereas DCP2 e00034 homozygotes show 12% lethality (N=500) at the embryonic stage and the remaining 233 die before reaching the second instar larval stage. 234
Defects in Epithelial Morphogenesis 235
Since we found strong expression of DCP2 in the embryonic epithelium, we endeavored to explore 236 whether a loss of DCP2 function affects epithelial morphogenesis. Analysis of embryonic cuticles showed 237 that all mutants displayed pronounced defects in epithelial morphogenesis patterns, ranging from defects 238 in size, viz., anterio-posterior or dorso-ventral dimensions, head involution defects and morphological 239 defects, viz., u-shaped or puckering (Figures 6) . Since these defects are not mutually exclusive in that, a 240 single mutant embryo could be displaying multiple defects at the same time, the morphological 241 aberrations were scored individually first and then analysed for the presence of other concomitant defects. Figure 7 shows the above data represented with the help of 250 a Venn diagram. 251
Defects in Nervous System development 252
We used mAbBP102, an antibody to mark all CNS axons (Seeger et al. 1993 ) such that the gross 253 morphology of CNS in an embryo is revealed. In wild-type embryos, axons form an orthogonal structure 254 having longitudinal axon tracts. These axon tracts run anterio-posteriorly, being positioned at either side of the midline, and a pair of commissural tracts joins the longitudinal pathways in each segment of the 256 embryo (Bhuin and Roy, 2009). DCP2 BG01766 homozygotes showed thinning of longitudinal connectives 257 and compressed segmental commissures (Figure 8 B and B' ) similar to the karussell phenotype 258 (Hummel et al, 1999) , whereas, DCP2 e00034 homozygotes showed thinning of longitudinal connectives 259 and lateral commissures (Figure 8 C and C') . 260
In order to study the embryonic PNS axons further, mutant embryos were stained with mAb22C10, which 261 recognizes the microtubule-associated protein, futsch (Hummel et al. 2000) . It labels all the cell bodies, 262 dendrites, and axons of all PNS neurons, and a subset of neurons in the VNC of the CNS (Fujita et al. 263 1982) . Therefore, defects, such as the disruption of the nervous system, the collapse of the axon tracts, 264 fasciculation defects/thinning of axons, and the loss or gain of neurons can often be distinguished. In the 265 wild type embryos, each segment contains three highly stereotyped clusters of PNS neurons connected by 266 axon bundles. In the mutants, misrouting of axons and collapsed axons could be detected ( Fig. 8 E, E'  267 and F, F'), which were absent in the wild type, implying a role for DCP2 in the fasciculating axons. 268
DCP2 loss-of-function mutants show elevation and spatial perturbation of JNK signaling 269
The JNK signaling cascade is an essential player of Drosophila gastrulation vis-à-vis embryonic signaling is spatially disrupted in the DCP2 mutants, implying a perturbation and/or misregulated JNK 278 signaling (Figure 9) . In the wild type embryos it is expressed at the juncture of the two epithelial sheets 279 following completion of dorsal closure, mimicking the stitch at a suture, whereas the mutant homozygotes 280
show a spatial distortion of JNK signaling. 281
In the developing Drosophila embryo undergoing gastrulation, epithelial morphogenesis and 282 axonogenesis are morphogenetic events of utmost importance that require a well orchestrated spatio- Real-time activity of the promoter in the various larval tissues, with a better insight, demonstrates that 310 despite expression since early development, the DCP2 promoter is active during late stages of larval 311 development as well. In the larval tissues (118±1 h ALH), we could identify a consistent GFP expression 312 in the larval brain, eye-antennal disc, salivary gland and wing discs. Besides prior developmental 313 activation and ubiquitous expression, the DCP2 promoter shows enhanced activity/expression in specific 314 cells in the brain (Figure 10 B and C) and eye disc (Figure 10 G and H) . Although, the ventral ganglion 315 depicts an overlap of prior and real-time activity (Figure 10 B-D) , the cerebral hemispheres show 316 selective expression in real-time, which is limited to cells of the antennal lobe and the Kenyon cells 317 (Figure 10 B'-D') . Similarly, the cells in constituting the antennal disc show a more consistent DCP2 318 activity, exemplified the greater degree of overlap of the reporters (Figure 10 G-I) . However, the cells of 319 the eye disc show heterogeneity of reporter expression, viz., DCP2 is active in all the ommatidia but certain cells show a transient activity at the stage observed (Figure 10 G'-I') . While the salivary gland 321 nuclei show a complete colocalization of reporters with similar intensity (Figure 10 L-N) , wing discs 322
show a lower expression of eGFP as compared to RFP. 323
Since, the GAL4 is driven by the de novo promoter of DCP2, which in absence of the GAL4 coding 324 region, would have transcribed the gene per se, this transgenic construct, viz., G-TRACE allows the 325 spatio-temporal expression potential of the promoter to be determined. Thus, the expression of the 326 reporters (GFP and RFP) may be directly correlated with the gene expression pattern or potential in the 327 wild type individual and hence, via the GAL4, directly demonstrates the spatio-temporal gene expression 328 dynamics. 329
Brain 330
In the larval brain, immunolocalisation of DCP2 shows a uniform cytoplasmic expression throughout the 331 dorso-ventral and anterio-posterior axes of the tissue (Figure 11A', B' and D') . However, significantly 332 high levels were detected in a subset of neurons in the ventral ganglion (Figure 11A' and D' ) and in a 333 cluster of neurons in the dorso-lateral and dorso-medial region of the central brain (Figure 11A' and C') , 334
which are proximal to the Mushroom Body as well as in the Kenyon cells (Figure 11K and O) . 335
However, it is completely absent from the most prominent neuronal structures viz., the Mushroom Body 336 in the central brain and in the neurons of the optic lobe (Figure 11M-O) . 337
Salivary Glands 338
In the salivary glands, DCP2 shows a punctuate distribution in the cytoplasm and decorates the nuclear 339 and cellular membranes arduously (Figure 11E' and E") . The cytoplasmic vesicles appear bounded by 340 bodies rich in DCP2 (Figure 11E") . Since DCP2 is a cognate resident of the P-bodies, it may be fair 341 enough to interpret the cytoplasmic network of DCP2 punctae in the glands as the pattern of P-bodies 342 which are essential for maintaining transcript homoeostasis. 343
Wing discs 344
The wing discs show very strong expression of DCP2 in the pouch region as compared with the notum 345 (Figure 11F') , besides the uniform ubiquitous cytoplasmic distribution similar to that observed in other (Figure 11G') , which may be essential during the morphogenesis of the 350 wing blade. 351
Immunolocalisation of DCP2 to the cytoplasm in all the tissues examined across development 352 recapitulates the results observed in similar studies in the nematode worm, C. elegans (Lall et al, 2005) Wingless, respectively. In the salivary glands as well, the protein is cytoplasmic but shows high titres at 358 the membranes. Being the sole decapping agent in Drosophila, DCP2 is expressed ubiquitously 359 throughout development but, the selectively high expression in certain cell types in the brain or the wing 360 pouch point towards some yet unknown "moonlighting" functions of DCP2 in the development and 361 maintenance of cellular homoeostasis in these tissues. 362
DCP2 shows high expression in the Corazonin neurons in the larval CNS 363
Besides ubiquitous expression, DCP2 has a typical expression paradigm in a subset of neurons in the 364 larval CNS. In order to identify/type the DCP2 immunopositive neuron(s) in the larval ventral nerve cord 365 (VNC), we tried mapping them against the Fasciclin II (FasII) landmark system (Santos et al, 2007 ) 366 (Figure 12) . Comparing the FasII "coordinates" with the DCP2 expression paradigm, we observed that 367 DCP2 expresses in a cluster of three neurons in the Dorso-lateral (DL) region and in a neuron located 368 medial to the DL neurons (Dorso-medial; DM) in the central brain, and in eight pairs of bilateral neurons 369 in the ventral nerve cord. The neurons in the ventral ganglion correspond to a subset of the thoracic (T2 370 and T3) and abdominal (A1 -A6) neuromeres. Although DCP2 is absent from the most prominent 371 neuronal structures expressing FasII, viz., the Mushroom Body and the neurons innervating the eye, in the 372 central brain (Figure 12 D-F) and in the Dorso-lateral and Dorso-medial longitudinal tracts in the VNC 373 (Figure 12 G-I) , the DL neurons appear to innervate the Ring gland and the aorta. Lateral views of the 374 central brain (Figure 12 D'-F' ) and the VNC (Figure 12 G'-I') show that the DCP2-positive neurons lie 375 below the Fas II immunopositive Dorso-lateral and Dorso-medial longitudinal tracts but ascend above the 376 Mushroom Body (MB) in the central brain. Corazonin (Figure 13) , while only the Dorso-lateral neurons showed co-expression with sNPF 384 (Supplementary Figure 3) . Corazonin neurons constitute three neuronal subsets, viz., the dorso-lateral 385 (DL) and dorso-medial Crz neurons (DM), and the Crz neurons in the ventral nerve cord (vCrz) (Lee et al, 386 2008), are essential for combating stress (Zhao et al, 2010 ) and co-express the transcription factor 387 Apontic, which is necessary and sufficient to mediate sensitivity to ethanol (McClure, 2013) . 388
Knockdown of DCP2 in the Corazonin neurons reduces sensitivity to Ethanol 389
We further asked whether DCP2 function in the Corazonin neurons is required for their activity. When 390 DCP2 was knocked down in these neurons specifically, it did not affect the morphology, pathfinding or 391 architecture of the Crz neurons in the larval brain (Supplementary Figure 4) but, delayed and/or reduced 392 the sedation sensitivity to ethanol in the adult flies. The time to 50% sedation (ST50) was calculated to be 393 ~8.5 min for the control flies (N=200), while the DCP2 knocked down flies showed an ST50 of ~13.5 394 min (N=200). While the control flies are sedated completely in ~12 min, the DCP2 hypomorphs are 395 active till ~19 min (Figure 14 A and B) . This demonstrates the reduced sensitivity of the Crz GAL4>UAS 396 DCP2 RNAi knocked down flies to ethanol. 397
Following sedation, the DCP2 hypomorphs showed early onset of recovery (~30 min) as against the 398 control flies, which started showing activity/onset of recovery after ~110 min. While the control flies 399 started assuming normal standing posture in ~2h, the DCP2 knocked down flies showed significant early 400 recovery, with ~80% of the flies recovering by 3h as against ~40% recovery exhibited by the control flies 401 in the same time (Figure 14 C and D) . Also, sedation induced death was higher in the control group as 402 compared to the DCP2 hypomorphs. During sedation and recovery phases, no sex specific differences 403 were observed in flies of either genotype. These results suggest that DCP2 function is required in the Crz 404 neurons for regulation of ethanol related behaviour and ethanol metabolism. and DCP2 loss-of-function mutants. While JNK appears as a suture in the wild type embryos (A and A'), 58
it's spatial expression is completely disrupted in DCP2 mutant homozygotes (B and C). 59
